Recent studies have reported that independent adaptive radiations can lead to identical ecomorphs. Our phylogenetic analyses of nuclear and mitochondrial DNA sequences here indicate that a major radiation of ranid frogs on Madagascar produced morphological, physiological, and developmental characters that are remarkably similar to those that independently evolved on the Indian subcontinent. We demonstrate further that, in several cases, adult and larval stages each evolved sets of characters which are not only convergent between independent lineages, but also allowed both developmental stages to invade the same adaptive zone. It is likely that such covariations are produced by similar selective pressures on independent larval and adult characters rather than by genetic or functional linkage. We briefly discuss why larval͞adult covariations might constitute an important evolutionary phenomenon in species for which more than one developmental stage potentially has access to multiple environmental conditions.
Recent studies have reported that independent adaptive radiations can lead to identical ecomorphs. Our phylogenetic analyses of nuclear and mitochondrial DNA sequences here indicate that a major radiation of ranid frogs on Madagascar produced morphological, physiological, and developmental characters that are remarkably similar to those that independently evolved on the Indian subcontinent. We demonstrate further that, in several cases, adult and larval stages each evolved sets of characters which are not only convergent between independent lineages, but also allowed both developmental stages to invade the same adaptive zone. It is likely that such covariations are produced by similar selective pressures on independent larval and adult characters rather than by genetic or functional linkage. We briefly discuss why larval͞adult covariations might constitute an important evolutionary phenomenon in species for which more than one developmental stage potentially has access to multiple environmental conditions. E ver since Darwin (1), Huxley (2) , and Simpson (3), adaptive radiation (4) has been used as a major concept in evolutionary biology. In this context, convergences in morphological, ecological, and physiological characteristics are usually regarded as occasional curiosities, i.e., the exception rather than the rule. However, most features whose radiation has been studied were also the major characters used in the systematic classification of the organisms bearing them. Characters can therefore be circularly interpreted as showing lack of convergence through a phylogenetic hypothesis inferred partly from these very same characters. The development of molecular phylogenetics has contributed a major breakthrough in the study of these radiations. For example, comparisons between morphological characters and results of molecular phylogenetic analyses have demonstrated extensive and multiple convergences of ecologically specialized species (i.e., ecomorphs) of cichlid fishes (5, 6) , plethodontid salamanders (7) (8) (9) , Anolis lizards (10) , and mammals (cf. ref. 11 and references therein).
Difficulties in detecting convergent ecomorphs without the use of molecular data are particularly pervasive in anuran amphibians because their body plan is remarkably conserved. For example, despite the fact that Archaeobatrachia and Neobatrachia diverged about 200 million years ago (mya) (12) , superficial examination shows no striking morphological fixed differences between these two groups. This situation is diametrical to that, e.g., of mammals, whose orders underwent extensive remodeling of morphological and physiological character complexes in a much shorter time (10, 12, 13) . Hence, most conspicuous morphological features are usually used in anuran systematics despite their possible adaptive properties.
Ranid frogs form a nearly cosmopolitan family containing roughly 1,000 species, i.e., about one-fifth of all living Amphibia. Specific morphological characters within this family have led to the taxonomic recognition of subfamilies such as Ranixalinae (with adults adapted to life in streams or on rocks, and torrential or semiterrestrial larvae), Mantellinae (a diverse group of arboreal and torrential Madagascan frogs), Rhacophorinae (tree frogs), and Tomopterninae (burrowing frogs).
Given the low dispersal abilities of amphibians over salty environments, tectonic movements, as well as sea-level changes, might have been of major importance in shaping the distribution of lineages within ranid frogs. After the Madagascar-SeychellesIndian plate drifted from the rest of Gondwana [starting around 130 mya (14)], first Madagascar, then Seychelles disconnected about 88 mya (15) and 65 mya (16) , respectively. Subsequent attachment of the Indian subcontinent to Eurasia [about 65 to 35 mya (14) ] rendered dispersal possible between these two previously disjunct areas. Because tree frogs and burrowing frogs occur on both Madagascar and India, it is usually interpreted that they originated before the Madagascan and the India-Seychelles land masses separated (88 mya).
We report here on the first molecular phylogenetic analyses of mitochondrial (mt) and nuclear (nu) DNA sequences (nearly 3 kb from each of the 28 ingroup and four outgroup taxa) of all Madagascan and Asian subfamilies within Ranidae.
Materials and Methods
Species and DNA Methods. We included members from all Asian and Madagascan ranid subfamilies as recognized by Dubois (17) (with the exception of the African subfamily Ptychadeninae, represented by a single emigrant species on Madagascar, Ptychadena mascareniensis), and all ranid subfamilies as recognized by Blommers-Schlösser (18) ( Table 1) . Genomic DNA was extracted from tissue samples by using standard protocols. Three mtDNA and three nuDNA fragments were PCR-amplified and sequenced (dRhodamine Cycle Sequencing; Applied Biosystems) on both strands (sequencing of complementary strands was performed on different PCR products). The target mtDNA fragments were (i) a Ϸ750-bp segment including portions of the 12S and 16S rRNA genes as well as the tRNA Val gene [primers for PCR and sequencing were H3296, 5Ј-GCTAGACCATKAT-GCAAAAGGTA-3Ј (19); L2519, 5Ј-AAACTGGGATTA-GATACCCCACTAT-3Ј (19) ; Rhod1C, 5Ј-CCAAGGGTAGCGAAGAARC-CT TC-3Ј; Rhod1D, 5Ј-GTAGCGA AGA ARCCT TCA-AMGTA-3Ј; Rhod4A, 5Ј-CAAGAATCAGCCACCACCCA-GAA-3Ј; Rhod4B, 5Ј-GAATCAGCCACCACCCAGAAGGA-3Ј; Rhod4C, 5Ј-TTGTTCAGCATAATGTAGATGAC-3Ј; and Rhod4D, 5Ј-AGCATAATGTAGATGACRGGGTT-3Ј]; and (ii) a 529-to 532-bp segment of exon 1 of the tyrosinase gene [Tyr1A, 5Ј-AGGTCCTCTTRAGCAAGGAATG-3Ј; Tyr1B, 5Ј-AGGTCCTCYTRAGGAAGGAATG-3Ј; Tyr1C, 5Ј-GGCA-GAGGAWCRTGCCAAGATGT-3Ј; Tyr1D, 5Ј-TCCTCCGT-GGGCACCCART TCCC-3Ј; Tyr1E, 5Ј-GAGA AGA A A-GAWGCTGGGCTGAG-3Ј; Tyr1F, 5Ј-TCATCTCCCGYC-AYCTTCTGGAT-3Ј; and Tyr1G, 5Ј-TGCTGGGCRTCTCTC-CARTCCCA-3Ј].
Sequences were aligned with CLUSTAL W (21), using three different sets of alignment parameters (weighted matrix and gap͞extension penalties ϭ 10͞5, 8͞4, and 12͞6, respectively), and positions at which the three alignments differed were excluded in the subsequent analyses (22) . Gaps resulting from the alignment were treated as missing data.
For each mtDNA and nuDNA fragment, we checked for possible saturation of substitution types by plotting the number of transitions (Ti) and transversions (Tv) against uncorrected pairwise distances. Saturation plots were also examined separately for first, second, and third positions of protein-coding genes.
Three data sets were analyzed: (i) mtDNA, (ii) nuDNA, and (iii) ''total DNA'' evidence, i.e., concatenation of the two former data sets. Partition homogeneity tests (23) indicated that the nuDNA and mtDNA data sets were not incongruent. PAUP* (24) was used for all phylogenetic analyses. Maximum parsimony (MP) analyses were first performed with all characters weighted equally. Stability of the cladograms was tested with the Goloboff fit criterion (25) with k ϭ 0, 2, 4, and 8, which allows individual down-weighting of noisy characters. We also used the maximum likelihood (ML) method of phylogeny inference with the following settings (PAUP*): empirical nucleotide frequencies, Ti͞Tv ratio, and proportion of invariable sites estimated by means of ML, Hasegawa-Kishino-Yano (HKY) model (26) with rate heterogeneity, rates for variable sites assumed to follow a ␥ distribution with shape parameter estimated by ML, and tree bisection-reconnection (TBR) branch-swapping. Given the high computation burden of ML analyses, these were performed while excluding some of the taxa within clades that were very well supported in MP analyses. The stability of individual clades was estimated by computing bootstrap values (27) for MP and ML trees, and by Bremer support indices-i.e., the number of additional character transformations necessary to collapse an internal branch (28)-for MP trees. Specific alternative hypotheses were compared statistically by means of Templeton (MP) and Kishino-Hasegawa (MP and ML) tests (29) .
We tried to root the trees by using outgroup taxa chosen on the basis of earlier molecular and morphological studies of interfamilial relationships in Neobatrachia. The best rooting was evaluated with RASA 2.3b [Optimal Outgroup Analysis (30)] as well as by examining saturation plots. Beside performing analyses including all outgroup taxa, we tested the influence of outgroup choice by using individual outgroup taxa separately.
Results
Sequence Variation and Saturation. Alignment resulted in a data matrix of 2,692 unambiguously aligned characters, of which 979 (706 mtDNA ϩ 276 nuDNA) are parsimony informative. Given their high level of divergence (37-68% uncorrected pairwise divergence) and their obvious saturation in numbers of transitions and transversions (data not shown), cytochrome b third positions were excluded from all further analyses. After removal of these positions, mtDNA contained 513 informative characters. Saturation plots for the remaining data showed a slight saturation when outgroup taxa were included, which disappeared when they were excluded. All further analyses were therefore performed without an outgroup.
Adaptive Radiation of Madagascan Ranidae. Our results do not support the traditional grouping of ranids according to ecomorphs but rather reveal that their relationships were primarily shaped by plate tectonics. Indeed, the inferred phylogeny exhibits a branch (indicated as bold in Fig. 1 ) separating a Madagascan from an Indian group despite the fact that identical ecomorphs are found in both groups. MP bootstrap analyses of the mtDNA, nuDNA, and mtDNA ϩ nuDNA data sets all yielded support for that branch (cf. Fig. 1 Left) . ML analyses yielded a single best tree (Ϫln L ϭ 14498.13736) shown in Fig. 1 Right, and ML bootstrap analysis (400 replicates) yielded a 98% support for the branch separating Madagascan from Indian ranids. Constraining the grouping of any Indian ranid within the Madagascan group (or vice versa) in a total evidence (mtDNA ϩ nuDNA) analysis requires a minimum of 15 additional evolutionary events (in comparison to the best tree of length, TL ϭ 3981) under MP, and a significant (P ϭ 0.0251) reduction in likelihood under ML. Although the exact placement of the root within the Asian group could not be unambiguously identified, rooting the best tree on any Madagascan lineage could be rejected with high statistical significance (P ϭ 0.0069) under ML. Our analyses therefore unambiguously indicate (in agreement with figure 1 in ref. 31 ) that all native ranids on Madagascar form a clade (i.e., a Bremer support, respectively, for the analysis of the combined mtDNA and nuDNA data sets. Right shows the best tree under ML. Wherever the tree is rooted, there is no possibility to make Rhacophorinae, Tomopterninae, Ranixalinae, or the genus Limnonectes monophyletic. This finding indicates multiple convergences of ecomorphs among and within Madagascar, the Indian subcontinent, and Asia. Monophyly of Madagascan Ranidae (bold branch) is strongly supported (see text for details). We included a European Rana species (indicated by an asterisk) which, as expected, clusters with Asian members of the genus. monophyletic group) and that this lineage has, within the limits of the conserved anuran body plan, experienced a dramatic diversification in morphology, reproductive strategies, and choice of habitat. The adaptive radiation on Madagascar produced more than 120 species comprising ( Figs. 1 and 2 ): burrowing frogs, arboreal frogs, torrential frogs, and the colorful and poisonous mantellas. Concurrently, developmental and͞or larval characters greatly diversified such that nine different reproductive modes have been recognized (32) . For example, the tadpoles can be surface-feeders or bottom-dwellers (both with specific mouth parts), have the ability to move between different water bodies, or go through direct ''terrestrial'' development in the egg up to complete metamorphosis (Fig. 2) .
Convergences Between Madagascan and Asian Radiations. The Indian subcontinent holds several adult and larval ecomorphs that are extremely similar to those found on Madagascar. Hence, the results of our molecular phylogenetic analyses prompt revision of how variations of the anuran body plan may have evolved. For instance, the genus Tomopterna was defined as a taxon on the basis of shared characters involved in burrowing (red boxes, Fig.   2 ). Recent phylogenetic analyses based on 20 morphological characters clustered African, Madagascan, and Asian Tomopterna species as a monophyletic unit (33) . Our analyses support, however, that the burrowing ecomorph evolved independently in Madagascan and Asian ranids: constraining the grouping of burrowing frogs to the exclusion of all other ranids resulted in an impressive and very significant increase of tree length (ϩ123 steps, P Ͻ 10 Ϫ4 ) and reduction of likelihood (P Ͻ 10
Ϫ4
). Similarly, and as previously suggested by Richards and Moore (31), Madagascan and Asian rhacophorine tree frogs do not form a clade (Fig. 1) . These brownish to bright-green frogs are ecologically characterized by an arboreal life and have very similar adult morphologies (green boxes, Fig. 2 ). Grouping rhacophorines to the exclusion of all other ranids requires a significant increase in tree length (ϩ32 steps, P ϭ 0.0183) and reduction of likelihood (P ϭ 0.0158). Arboreal frogs (green boxes) exhibit similar adult ecomorphs in Madagascan and Indian Rhacophorinae. Some Asian tree frogs exhibit a development on land with complete metamorphosis in the egg, showing a remarkable convergence with some Madagascan arboreal species (Mantidactylus). Some rock-dwelling frogs (yellow boxes) have semiterrestrial larvae with stout hind-limbs, a strongly developed tail with much reduced fin membranes, and with the ventral side of the body and the spiracle tube (as well as, sometimes, the anal tube) flattened. Certain torrential frogs (blue boxes) have larvae that lack horny teeth and exhibit, around the mouth, enlarged lobes that are richly provided with papillae. Fanged frogs (dashed green boxes) have protruding fangs in the lower jaw. Although poisonous frogs do not occur in Asia, some poisonous mantellas (black dashed box) exhibit aposematic colors and are remarkably convergent with the neotropical poison arrow frogs, Dendrobatidae. distribution: they are found from North India to New Guinea, and a single species is known from Sri Lanka, whereas they are absent from Southern India. The name of the group originates from the fact that both males and females have protruding fangs in the lower jaw (dashed green boxes, Fig. 2 ). Our analyses indicate that fanged frogs do not form a monophyletic group (cf. Figs. 1 and 2 ). Constraining this monophyly requires a significant (P ϭ 2 ϫ 10 Ϫ4 ) decrease in likelihood. Furthermore, ML analyses of the separated (data not shown) and combined (Fig.  1 Right) mtDNA and nuDNA data sets all indicate that the Sri Lankan fanged frog (L. corrugatus) groups with members of the South-Indian endemic genus Nyctibatrachus (which, incidentally, also possess small odontoid processes in the lower jaw).
Within the Indian subcontinent, Nannophrys and Indirana both have semiterrestrial larvae (yellow boxes in Fig. 2 ) that exhibit unique adaptive morphological features, such as a strongly developed tail with much reduced fin membranes, which allow them to hop over wet rocks (34) . These striking similarities led to the suggestion that this suite of characters ''cannot be coincidence or convergence, but has to reflect true phylogenetic relationships'' (35) . Nevertheless, our analyses clearly indicate that these morphological features evolved independently in Sri Lankan and Indian ranids (cf. Figs. 1 and 2 ). Constraining the grouping of both taxa presenting semiterrestrial larvae to the exclusion of all other ranids requires a very significant increase of tree length (ϩ70 steps, P Ͻ 10 Ϫ4 ) and reduction of likelihood (P Ͻ 10 Ϫ4 ).
Discussion
In addition to the strictly aquatic or semiaquatic habitat, four other adaptive zones can be recognized for ranid frogs: arboreal, rocky, fossorial, and torrential. This diversity indicates that various lineages of ranid frogs evolved adaptations that allowed them to shift to new adaptive zones which are comparable to those observed for plethodontid salamanders (36) .
A remarkable outcome of our analyses is that convergences of adult characters were often paralleled by convergences of other characters in the corresponding larvae. For example, some Asian rhacophorines (e.g., genus Philautus) and Madagascan species of the genus Mantidactylus that are adapted to the arboreal zone (green boxes, Fig. 2 ), also present larvae with direct development on trees (i.e., complete metamorphosis in the egg without free-swimming tadpole stage).
Similarly, the genus Nyctibatrachus (South India) and some members of the genus Mantidactylus (Madagascar) have both adult and larval stages adapted to the torrential zone (blue boxes, Fig. 2 ). Their larvae experienced striking convergent evolution in the oral anatomy, i.e., they lack horny labial teeth and developed lobed lips richly provided with papillae.
As a third example, both Indirana and Nannophrys (Indian subcontinent) have an adult stage that is ecologically adapted to life on rocks at the edge of hill-streams (yellow boxes, Fig. 2 ). As noted above, the larvae of these species have independently acquired very similar adaptations for jumping on wet rock surfaces.
These examples indicate that larvae and adults can each evolve specializations that are associated with different sets of morphological characters but that yield adaptation toward the same habitat. This association could give the impression that these adult and larval characters are genetically or functionally linked, especially as similar covariations are observed in independent lineages. We think they are not, but rather that selection on independent larval and adult characters have yielded a similar pattern of covariation as if they were.
Such spectacular covariation between adult and larval traits is obviously not observed in all ranid frog groups, as larvae and adult stages can be adapted to different adaptive zones. For example, the adults in both lineages of the (polyphyletic, see above) genus Tomopterna became adapted to the fossorial zone, whereas their larvae retained the ancestral aquatic development. Similarly, some Asian and Madagascan Rhacophorinae (e.g., genus Polypedates and Boophis, respectively) exhibit an arboreal adult stage, whereas their larvae develop in pools. Interestingly, in Polypedates species, early larval development takes place in ''foam nests'' laid in trees above pools. The larvae eventually fall in the pool in which they complete their development and metamorphosis. We suggest that, in Asian Rhacophorinae, foam nests could be an obligate first step toward direct development on land or trees.
Within Amphibia, extensive adaptive radiation has been demonstrated in detail only for plethodontid salamanders (7), in which both spectacular multiple convergences of morphological characters [e.g., projectile tongues (8)] and parallel evolution toward the same adaptive zones (36) were demonstrated. Our analyses here indicate (i) major adaptive radiations in ranid frogs both in larval and adult stages, (ii) multiple convergences in each of these developmental stages, and (iii) parallel evolution of larval and adult characters such that both stages are adapted to the same habitat. Points i and ii indicate that larval characters can undergo dramatic and multiple convergences as soon as they experience selective pressures of intensity and variability that are similar to those usually experienced by adult stages. Point iii suggests that constraints in anuran amphibians might yield, convergently in independent lineages, covariation between the two developmental stages. Whether this covariation is incidental (i.e., caused by strictly independent selection on larval and adult characters) or due to a yet-unascertained mechanism of larvaldependent selection on adult characters remains to be investigated. One central question will be to assess whether the frequency of species with both stages adapted to the same habitat is higher than that expected under the null hypothesis of independent selection on larvae and adults. The possibility that developmental constraints and selective pressures (7) could reduce the ''morphospace'' to which both adult and larval stages have access will need to be incorporated in such an investigation.
Finally, our analyses indicate that all Madagascan Ranidae have evolved from a single lineage that underwent a major radiation. This result calls for taxonomic revision (see Appendix) and increases the support for the uniqueness of the Madagascan fauna, which, in turn, strengthens the worth and need for protection of its diversity through sound and objective management.
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